Abstract Ammonia emissions from the agricultural sector give rise to numerous environmental and societal concerns and represent an economic challenge in crop farming, causing a loss of fertilizer nitrogen. Ammonia emissions from agriculture originate from manure slurry (livestock housing, storage, and fertilization of fields) as well as urea-based mineral fertilizers. Consequently, political attention has been given to ammonia volatilization, and regulations of ammonia emissions have been implemented in several countries. The molecular cause of the emission is the enzyme urease, which catalyzes the hydrolysis of urea to ammonia and carbonic acid. Urease is present in many different organisms, encompassing bacteria, fungi, and plants. In agriculture, microorganisms found in animal fecal matter and soil are responsible for urea hydrolysis. One strategy to reduce ammonia emissions is the application of urease inhibitors as additives to urea-based synthetic fertilizers and manure slurry to block the formation of ammonia. However, treatment of the manure slurry with urease inhibitors is associated with increased livestock production costs and has not yet been commercialized. Thus, development of novel, environmentally friendly and cost-effective technologies for ammonia emission mitigation is important. This mini-review describes the challenges associated with the volatilization of ammonia in agriculture and provides an overview of the molecular processes of urea hydrolysis and ammonia emissions. Different technologies and strategies to reduce ammonia emissions are described with a special focus on the use of urease inhibitors. The mechanisms of action and efficiency of the most important urease inhibitors in relation to agriculture will be briefly discussed.
Introduction
Nitrogen (N) is an essential macronutrient for all organisms and is needed in the formation of proteins, DNA and other important biological molecules. In agriculture, N-containing fertilizers are regularly applied to fields to facilitate the growth of plants and maximize crop yield. The amount of applied N in agriculture surpasses both phosphorus (P) and potassium (K), which are two other essential nutrients. Nitrogen fertilizers generally fall into one of two categories, organic fertilizers and synthetic (or inorganic) fertilizers. The two types of fertilizers differ in the form and/or source of the nitrogen they contain.
Organic fertilizers are mostly waste from animal production (manure slurry and solid manure) or derived from composted dead vegetable material. In animal manure slurry (mixture of feces and urine), N primarily originates from urinary urea (CH 4 N 2 O, alternatively written as NH 2 (CO)NH 2 or CO(NH 2 ) 2 ; Fig. 1 ). Urea concentrations in animal urine are influenced by several factors, such as the diet and hydration level of the animals. Some reported urea-N concentrations are 4.70 ± 0.85 g N/l (335.6 ± 60.7 mM) (Canh et al. 1997 ) and 2.79 ± 0.07 g N/l (198.4 ± 5.0 mM) (Dai and Karring 2014) in the urine from pigs and 2.14 ± 0.15 g N/l (152.7 ± 1.1 mM) (Dai and Karring 2014 ) and 2.15-10.68 g N/l (153.2-762.6 mM) (Edouard et al. 2016) in the urine from cattle. Synthetic/inorganic N fertilizers are synthetically produced (e.g., containing synthetic urea or ammonium nitrate, NH 4 NO 3 ). In 2014, the global demand for synthetic nitrogen fertilizer was 113.1 million tonnes, and the demand is expected to increase to 119.4 million tonnes in 2018 (FAO 2015) . Urea is the most commonly used N-source in synthetic fertilizers globally, and in 2014, it represented 55% of the synthetic/inorganic fertilizer market (Heffer and Prud'homme 2015) .
Enzymatic degradation of urea
Urea is a very stable molecule with a half-life (t ) of approximately 40 years at 25°C, and therefore, it is not spontaneously hydrolyzed (degraded) in solution (Callahan et al. 2005; Shaw and Bordeaux 1955) . However, the enzyme urease (EC 3.5.1.5) catalyzes a reaction in which one molecule of urea is hydrolyzed to form two molecules of ammonia (NH 3 ) and one carbonic acid (H 2 CO 3 ) via the formation of carbamic acid (H 3 CNO 2 ) according to the reaction shown in Fig. 1 . Thus, urease must be present for the hydrolysis of urea to occur at a significant and relevant rate (Krajewska 2009; Mobley and Hausinger 1989; Mobley et al. 1995) . The half-time of the urease-catalyzed reaction is only 20 ms at 25°C, making urease one of the most proficient enzymes known to date (Callahan et al. 2005; Estiu and Merz 2004; Laidler and Hoare 1950) .
Ammonia emission from livestock production and fertilized fields
In agriculture, the formation of ammonia from urea occurs primarily in livestock buildings, manure slurry tanks, and when inorganic urea-based fertilizers are applied to fields (Groot Koerkamp et al. 1998; Misselbrook et al. 2016; Sommer and Hutchings 2001) . It has been estimated that 80.6% (39 Teragram (Tg) NH 3 -N) of global NH 3 emissions in 2005 came from the agricultural sector with 34.1% of the emissions arising from manure management (Behera et al. 2013) . Total anthropogenic ammonia emissions increased to 65 Tg NH 3 -N per year by 2008. In contrast total reactive nitrogen contributions from human sources were around 220 Tg N per year in 2010, which is roughly equal to the total reactive nitrogen fixed by biological sources (Fowler et al. 2015) .
A previous study has shown that the hydrolysis of urea in animal manure slurry is complete within approximately 20 h after the urine and feces are mixed, and, therefore most of the urine-derived urea is normally converted into ammonia before the manure slurry is applied to the fields (Dai and Karring 2014) . As ammonia is a volatile compound, it is emitted as a gas from the manure slurry and pollutes the atmosphere and surrounding environment. This means that Fig. 1 Urea decomposition pathways. The lower pathway illustrates the biologically relevant and rapid urease-catalyzed hydrolysis of urea. The upper pathway shows the very slow, uncatalyzed elimination reaction of urea in aqueous solution. The last step in both pathways is very fast and occurs spontaneously. The result of both degradation pathways is the formation of two molecules of ammonia (NH 3 ) and one carbonic acid molecule (H 2 CO 3 ) from one molecule of urea the agriculture and more specifically livestock management and crop fertilizer application are the largest contributors to anthropogenic ammonia emission (Erisman et al. 2007; Fangmeier et al. 1994) . The rate of ammonia emission from the manure slurry and fertilized fields depends on several factors, such as temperature, pH, storage type, and handling techniques . In solution (e.g., manure slurry or wet soil), ammonia is in equilibrium with its protonated form, ammonium ion (NH 4 ? ), which is not volatile (Fig. 2) .
The point of equilibrium between NH 3 and NH 4 ? in solution depends on the pH of the solution. At neutral or basic pH (pH [ 7), NH 3 will be formed and is lost through emission (app. 50% on NH 3 -form at pH 9.3). At acidic pH (pH \ 7), most of the NH 3 will be converted to cationic ammonium that cannot evaporate (app. 99% on NH 4
? -form at pH 5.5). The pHdependent ratios of NH 3 and NH 4
? , known as chemical speciation, have been calculated using software developed by Alderighi et al. (1999) .
Ammonium tends to be less subjected to leaching from the soil compared to other N-containing fertilizers, such as nitrate (NO 3 -), as ammonium ions can bind to negatively charged soil colloids, thereby replacing other cations, e.g., Ca 2? and Mg 2? (Pearson and Stewart 1993) .
The soil microbiome and the N-cycle
The processes that constitute the N-cycle in soil are driven by bacteria, archaea, fungi, and plants (Myrold 2003) . Generally, the microbial community in soil has been found to depend on the soil type, plant life and other factors such as climate (Girvan et al. 2003; Prober et al. 2015; Tedersoo et al. 2014) . However, one recent study compared metagenomic data from various soil types, environments and climates, and found that microbial genera encoding for specific N-cycling processes were largely similar across habitats (Nelson et al. 2016) . This indicates that specific genera may be responsible for specific N-cycling processes across the globe. Additionally, the study found that especially the nitrification process seems to be carried out only by a narrow range of genera, while all bacteria and archaea can perform ammonia assimilation.
5 Deposition of ammonia in the environment and the effects on ecosystems
Volatilized ammonia is deposited in the environment relatively quickly, resulting in high ammonia concentrations predominantly close to the source of emission (Fangmeier et al. 1994; Pearson and Stewart 1993; van der Eerden et al. 1998) . High amounts of ammonia deposition can affect both terrestrial plants and aquatic ecosystems (Fig. 3a) . Deposited ammonia can be oxidized to various nitrogen compounds via the N-cycle (Fig. 3b) . With a few exceptions, the N-cycle is nearly identical in aquatic and terrestrial ecosystems (Arrigo 2005; Krupa 2003 ). When ammonia is deposited, it can either be converted to nitrite (NO 2 -) and then nitrate (NO 3 -) through the nitrification process (e.g. by Nitrosomonas spp. and Nitrosococcus spp.) or be absorbed and assimilated by plants or microorganisms (Fig. 3b) (Sharma and Ahlert 1977) . However, both processes result in protons being released, thereby decreasing the pH of the local environment (Pearson and Stewart 1993; Vitousek et al. 1997) . This decrease in pH has been shown to reduce the viability of the microorganisms responsible for nitrification, which consequently prevents the transformation of ammonia to nitrate (Camargo and Alonso 2006; Dancer et al. 1973) . Furthermore, if more ammonia is present than the nearby plants can assimilate, it can cause disruption of the plant cell membrane and even leaf etching and necrosis (van der Eerden 1982) . Additionally, unfertilized plant ecosystems often have a relatively closed cycling of nitrogen, meaning that little nitrogen leaves or enters the system (Fenn et al. 1998) . Such ecosystems, especially those that have adjusted to nitrogen-sparse conditions (e.g., heaths, meadows, and high moors), are vulnerable to the external supply of nitrogen (Krupa 2003 ammonia, are supplied (Aerts et al. 1990 ). It has been estimated that emissions of NO x gasses (nitrogen oxides) and ammonia have led to a 10% reduction in forest biodiversity in Europe alone (Sutton et al. 2011) . A similar effect can be observed in aquatic ecosystems where the anthropogenic supply of nitrogen can stimulate the proliferation of primary producers (autotrophic organisms), such as phytoplankton, benthic algae and macrophytes, resulting in eutrophication ( Fig. 3 ) (Camargo and Alonso 2006; Smith 2003) . In aquatic ecosystems and waterlogged soils, the anoxic conditions (following from eutrophication) can result in increased denitrification of nitrate and nitrite (Fig. 3b) . One of the products from denitrification is nitrous oxide (N 2 O), which is a potent greenhouse gas (Vitousek et al. 1997 ). In the atmosphere ammonia can react with sulfuric acid (H 2 SO 4 ) or nitric acid (HNO 3 ) to form ammonium sulfate ((NH 4 ) 2 SO 4 ) or ammonium nitrate (NH 4 NO 3 ) respectively, which make up a large part of fine particles in the air known as PM 2.5 (particle matter with a diameter of 2.5 lm or less) (Anderson et al. 2003) . One study estimated that 5-11% of the total PM 2.5 concentration in the United States may be attributable to ammonia emission from livestock alone (Fig. 3a) (Hristov 2011) . Several studies have found that PM 2.5 may deposit in the lungs, causing oxidative stress and possibly leading to increased morbidity (Riva et al. 2011; Sorensen et al. 2003) . However, the toxicity of PM 2.5 seems to largely depend on the specific composition (Schlesinger 2007) . Furthermore, by acting as cloud condensation nuclei, the particles can increase formation and lifetime of clouds (Aneja et al. 2009) . From the perspective of the farmers, the emission of ammonia from both organic and inorganic fertilizers results in a loss of valuable nitrogen, forcing the farmer to over-fertilize fields to obtain the maximum crop yield or accept less optimal production in countries with restrictions and regulations on fertilizer use. Economically about 75% of the total costs related to damage to the environment and to human health caused by emission of reactive nitrogen species can be attributed to emissions of ammonia from agriculture and NO x from combustion processes (Sutton et al. 2011 ).
International regulations to reduce ammonia emission
Because of the environmental and societal challenges associated with ammonia volatilization, international goals and regulations have been set to reduce the emission of anthropogenic ammonia. In 1999, the European Union (EU) Member States and the Central and Eastern European countries, along with the United States and Canada, agreed on the Gothenburg Protocol (UNECE 1999), which set out to limit the emissions of several pollutants, including ammonia, by 2010. This protocol has formed the basis for the European Union National Emission Ceilings ( Fig. 3 The environmental consequences of ammonia emission from agriculture and conversion of ammonia in the nitrogen cycle. (Fig. 3b) , an added benefit of reducing ammonia emissions is the accompanying reduction in emissions of N 2 O and the leaching of nitrate (Sutton et al. 2011 ).
Urine-derived versus synthetic urea as fertilizer
To get rid of excess nitrogen from metabolism, all mammals produce urea. In mammals, urea is produced in the liver from ammonia through several biochemical steps, called the urea cycle, and it is then released into the bloodstream. Urea and other metabolic byproducts are then extracted from the bloodstream by the kidneys before they are excreted via the urine (Hill et al. 2008 ). Therefore, a large amount of the nitrogen in livestock manure slurry is derived from urinary urea (Canh et al. 1997; Dai and Karring 2014; Kulling et al. 2001) . Urea is also produced industrially by the Bosch-Meiser urea process (Bosch and Meiser 1922) , and both urine-derived (manure slurry) and synthetically produced urea are extensively used as fertilizers. Several studies have investigated the advantages and disadvantages of each fertilizer type. In terms of the growth yield and N content of the crops in the year of application, synthetic urea seems to have a distinct advantage over manure slurry when used as fertilizer (Khodaei Joghan et al. 2012; Paul and Beauchamp 1993; Salomonsson et al. 1994) . However, the manure slurry tends to show a positive residual effect on the crops and will supply nitrogen to the crops in the years after the application as well. Therefore, the full potential of manure slurry as a fertilizer is first reached after several years of application. In the years following field application, the residual effects of previous fertilizations will contribute to the overall available nitrogen (Bhogal et al. 2016; Gutser et al. 2005; Paul and Beauchamp 1993; Schröder et al. 2006; Whitmore and Schroder 1996) . The same long-term effect is not present when applying synthetic urea fertilizers (Paul and Beauchamp 1993) . Thus, it may be advantageous to combine the manure slurry and synthetic urea during the first years of application and then reduce the addition of synthetic urea in the following years. However, the co-application of urea fertilizer with manure slurry has the disadvantage that urea is rapidly converted into ammonia because of the high urease activity in animal feces, consequently resulting in increased ammonia emission (Choi et al. 2007; Matsushima et al. 2009 ). The ammonia emission rate from fields fertilized with manure slurry peaks within the first 24 h after applying the manure slurry in the field. This is probably because the volatile ammonia is already present in the manure slurry when it is applied to the field (Huijsmans et al. 2001; McGinn and Sommer 2007; Rochette et al. 2009; Salazar et al. 2014) . In contrast, the ammonia emission rate from the fields applied with synthetic urea fertilizer is more variable, and the maximum rate is not reached before 48 h to 12 days after fertilizing the field, as urea must first be hydrolyzed by the microbial urease present in the soil (Rochette et al. 2009; Salazar et al. 2014) . The cumulative emissions of ammonia from the fields applied with manure slurry compared to those applied with synthetic urea fertilizers depend very much on conditions such as the method of fertilizer application, temperature, and weather (Bussink and Oenema 1998; Rochette et al. 2009; Salazar et al. 2014) . Studies indicate that the emissions of ammonia from fields fertilized with synthetic urea and manure slurry are very similar. Thus, after comparing the ammonia volatilization levels reported in 92 studies, Bouwman et al. (2002) concluded that the average ammonia emissions from the synthetic urea fertilizer and manure slurry were 21.0 and 21.2% of the applied N fertilizer, respectively.
The enzymatic degradation of urea to ammonia by urease
Urease has a historical role in science, as in 1926, it was the first enzyme to be crystallized (Sumner 1926) . Urease is also one of only a few known nickel(Ni)-containing enzymes. The two Ni-atoms in the active site of urease are expected to bind the urea molecule and facilitate the hydrolysis reaction (Benini et al. 1999; Dixon et al. 1980) . They are consequently essential for the enzyme without which the reaction will not occur (Fig. 4) (Gerendas et al. 1998; Mackerras and Smith 1986; Schneider and Kaltwasser 1984) . Urease is common in nature and is produced by a wide range of organisms. Urease has been found in several species of bacteria, fungi, algae, plants, and invertebrates (Bekheet and Syrett 1977; Booth and Vishniac 1987; Cook 1976; Frankenberger and Tabatabai 1982; Hanlon 1975; Sumner 1926) . For many organisms, urease plays an important role in nitrogen metabolism or as a defense mechanism.
Bacterial urease
Urease-producing microorganisms, known as ureolytic, are found in nearly all ecosystems including soil. One study found that 17-30% of bacteria isolated from six soil samples produced urease (Lloyd and Sheaffe 1973) . The isolated ureolytic bacteria included both anaerobes, micro-aerophiles, and aerobes, illustrating the wide range of ureolytic bacteria. The microbial community that is dominant in a specific soil is very much dependent on the soil type, the surrounding environment, and whether it has been amended with manure slurry (Girvan et al. 2003; Hamm et al. 2016) . One of the most common and intensively studied ureolytic soil bacteria is Sporosarcina pasteurii (previously known as Bacillus pasteurii) (Burbank et al. 2012; Li et al. 2013) , which was also the first bacteria to have its urease purified (Larson and Kallio 1954) . Sporosarcina pasteurii differs from several other ureolytic bacteria in that it produces urease constitutively, while for many other bacteria the urease production is regulated in response to environmental factors such as pH or available nitrogen (Mobley et al. 1995) . Common for almost all ureolytic bacteria is the fact that the urease is located in the cytoplasm (Fig. 4a) , and is composed of three (Fig. 4b, c) (Ha et al. 2001) . For most bacteria, these three subunits are organized in so-called heterotrimers (Jabri et al. 1995 ) composed of three a-subunits, three b-subunits, and three csubunits (Fig. 4b, c) , although some bacterial ureases have been found to be organized with different stoichiometry (Schafer and Kaltwasser 1994) . Even if ureases from different organisms vary in the number of subunits, the primary structure remains remarkably similar. This similarity even extends to ureases from different kingdoms. Thus, the primary structure of bacterial urease is very similar to the ureases from plants and fungi, even though plant and fungal ureases only consist of a-subunits (Fig. 4b) (Mobley et al. 1995) . The Ni-containing active sites are located in the a-subunits for all known ureases (Fig. 4c, d ).
Plant urease
It has long been supposed that plants mainly take up urea-N after it has been converted to ammonia by microbes in the soil. However, studies have found that plants possess dedicated urea transporters that either actively or passively transport urea into the plant (Dynowski et al. 2008; Liu et al. 2003a, b) . Inside the plant cells, urease hydrolyzes urea into ammonia, and the plant then uses it as a nitrogen source. In plants, urease is used to hydrolyze not only the urea acquired from the environment but also the urea that is internally produced by the plant through the catabolism of arginine and purines (Munoz et al. 2006; Reinbothe and Mothes 1962; Todd and Polacco 2004) . Of note, plant urease may also be involved in a defense mechanism against herbivores and microorganisms, which can explain its high abundance in seeds such as the soybean and jack bean (Goldraij et al. 2003; Meyer-Bothling and Polacco 1987; Polacco and Winkler 1984; Stebbins et al. 1991 ).
Nickel, an essential co-factor of urease
Nickel is an essential co-factor for urease activity, as two Ni 2? ions are needed in the active site where they catalyze the hydrolysis of urea. In nature, nickel is usually only present in trace amounts, and therefore, ureolytic bacteria need a high-affinity nickel transporter system to obtain the required nickel. Two major types of high-affinity nickel transporters, namely, the Nik system and the HoxN system, have been identified in bacteria. One of the best-characterized bacterial nickel transporters is the Nik system, which belongs to the ABC transporter family (Eitinger and MandrandBerthelot 2000; Wu and Mandrand-Berthelot 1986) . The Nik transport system consists of five proteins, NikA-NikE, which together facilitate the transport of Ni 2? across the plasma membrane (Fig. 4a) (Navarro et al. 1993) . Nickel is toxic to the cell at higher concentrations. Therefore, along with having a highaffinity transporter system, the cell avoids accumulating a toxic level of nickel by either repressing the transcription of the nickel transporter genes or by using metal resistance determinants, such as the cnr system (Silver and Phung 1996) .
Soil urease
The term ''soil urease'' refers to active cell-free urease molecules immobilized in the soil and has some importance in agriculture. Studies have found that soil urease may account for as much as 50% of the urease activity in field soils, while the remaining activity stems from intracellular microbial urease activity (Klose and Tabatabai 1999; Qin et al. 2010 ). Soil urease is urease that is released from dead plants and ureolytic microorganisms after cell lysis and then immobilized on clays and humic substances. It has been suggested that the immobilization of urease results in increased enzymatic stability against both temperature and proteolytic enzymes (Ciurli et al. 1996; Pettit et al. 1976; Zantua and Bremner 1977) .
Established technologies for ammonia emission mitigation in agriculture
To reduce ammonia volatilization from livestock housing, stored animal manure slurry, as well as manure slurry and urea-based fertilizers applied to fields, several technologies have been tested, and some have been employed in agriculture (Table 1) . The technologies applied in a specific country depends on several factors such as local policies, livestock numbers, population density, climate and amount of arable land in need of fertilization. Well-established methods in practical use include the acidification of manure slurry in livestock housing or in storage tanks before application to the field (Stevens et al. 1989 ) and physical barriers, such as closed or covered storage tanks (Funk et al. 2004; Scotford and Williams 2001) . These methods rely on either physically trapping the formed NH 3 or converting volatile NH 3 to non-volatile NH 4 ? to prevent volatilization as described above (Fig. 2) . Employing closed storage tanks does not improve the indoor climate in the stables, nor does it affect N loss during or after field application. It will, however, limit N loss during the storage of the manure slurry, but if the slurry is used as fertilizer, the build-up of ammonia will be quickly lost during field application (Massey et al. 2003) . Acidification of the manure slurry to approximately pH 5.5 can be used in the stable, and therefore, this technology improves the indoor air quality but requires the transport and storage of concentrated sulfuric acid (H 2 SO 4 ) (Jensen 2002) . Today, automated systems exist that monitor the pH of the manure slurry and add the acid, making this technology safer and easier for the farmer. Furthermore, acidification helps limit ammonia volatilization after the application of the manure slurry fertilizer to the field (Kai et al. 2008; ten Hoeve et al. 2016) . Previous studies found a reduction in ammonia volatilization from the fields of up to 95% when the pH of the manure slurry was lowered to 5.5 with sulfuric acid (Stevens et al. 1989) . As an alternative to acidifying the manure slurry directly, chemical filters have been developed. These filters act as air scrubbers in livestock housing by passing the air through acidified water. The ammonia in the air is converted to ammonium ions and trapped, with reported ammonia emission reduction of up to 96% (Melse and Ogink 2005) . A different type of filter, which operates on a microbiological principle, has also been developed. Here the air is passed through a membrane where certain bacteria are growing. These bacteria use the ammonia as a nitrogen source for growth, consequently reducing the ammonia emissions with up to 95% (Chang et al. 2004) . As an added bonus these filters tend to also reduce general odor from livestock housing as the bacteria can degrade many different volatile substances. Research, however, is still ongoing to ensure high stability and process control (Liu et al. 2017 ). In Denmark a commercially available biological filter system has been approved by the Environmental Protection Agency in 2015 as a ''best available technology'' (BAT) for use in pig housing. It is rated to reduce ammonia emissions with 88%, odor with 74% and dust (PM 2.5 ) with 87% (Miljøstyrelsen 2015) . Chemical urease inhibitors offer the potential of controlling the molecular process of ammonia production in manure slurry all the way from the livestock housing through storage and to field application. Additionally urease inhibitors are already being employed to slow down urea degradation in urea-based synthetic fertilizers. The state-of-the-art and the barriers for further implementation will be described below.
Ammonia emission mitigation by urease inhibitors
Chemical compounds that inhibit soil urease and the ureolytic activity of soil bacteria are currently employed to limit ammonia volatilization from ureabased synthetic fertilizers applied in the fields. Potentially, these urease inhibitors can also be added to animal manure slurry to reduce ammonia volatilization both in stables and storage tanks and after field application, spanning several areas of ammonia release (Table 1) . Urease inhibitors function on a principle of disrupting the ability of urease to catalyze the hydrolysis of urea to ammonia, thereby retaining N on the stable and non-volatile urea form longer. While a relatively high number of urease-inhibiting compounds are known and have been studied under laboratory conditions, only a few candidates have currently been adopted for use in commercial agriculture. Some chemicals have been found to be effective against only purified urease since they are incapable of crossing bacterial membranes or are rapidly degraded in the environment. Others are too expensive, toxic, or labile to be considered for practical agricultural applications. In the following, the only urease inhibitor currently in practical use in agriculture and its analogues will be reviewed. N-(n-butyl)thiophosphoric triamide (NBPT, Fig. 5 ) is among the most effective urease inhibitors known, and it is currently marketed as a stabilizing additive for urea-based synthetic fertilizers under the trade name ''Agrotain'' (Artola et al. 2011; Font et al. 2008) . The active inhibitory chemical species has been thought to be the oxon derivative N-(n-butyl) phosphoric triamide (NBPTO, Fig. 5a ) which has been found to display 50% inhibition at a 1000-fold lower concentration than the parent NBPT compound (Creason et al. 1990; Font et al. 2008; Kot et al. 2001) . NBPTO is slowly but spontaneously formed from NBPT under aerobic conditions. However, a recent study crystallized urease from Sporosarcina pasteurii in the presence of NBPT and found the compound involved in inhibition, under the crystallization conditions used, to be N-(n-butyl)phosphoric diamide (NBPD, Fig. 5b ). These results indicate that the P=S group of NBPT is not converted to a P=O group, but instead, an ammonia molecule is exchanged for a hydroxyl group (Fig. 5b) (Mazzei et al. 2017) .
NBPT has been studied due to its inhibiting effect on both synthetic fertilizers and animal manure slurry. In field studies, the urease inhibitors have generally been found to exhibit good reductions in ammonia emissions. However, the results seem to be quite variable with respect to the amount of precipitation, soil type, and temperature. Recently, it has also been suggested that the soil pH influences the speed with NBPT is spontaneously converted into either a N-(nbutyl)phosphoric triamide (NBPTO) or b N-(nbutyl)thiophosphoric diamide (NBPD) which the compound is degraded (Engel et al. 2015) . In an early study by Cai et al. (1989) it was found that the application of NBPT to flooded rice fields did decrease the rate of urea hydrolysis but failed to increase the grain yield. However, the inhibitor was only applied once (at the time of fertilizer application), and later studies have shown that NBPT is degraded over time, making reapplication necessary (Varel 1997) . Hendrickson and Douglass found that when NBPT-coated urea was used to fertilize corn, the yield increased on average by 280 kg ha -1 . To obtain equivalent yields using urea fertilizer without NBPT, an additional 80 kg fertilizer per hectare was needed (Hendrickson and Douglass 1993) . In general, it is difficult to estimate to what extent crop yield is influenced by the use of urease inhibitors due to the many different factors that determine the overall ammonia emissions and N-retention, but a recent meta-analysis found that the average cumulative ammonia loss was reduced by 52% (from 31.0% of applied N to 14.8%) and that the grain yield increased on average by 5.3% when synthetic urea fertilizer was amended with NBPT (Silva et al. 2017 ). Marchesan et al. noted that NBPT generally slowed the hydrolysis of urea to ammonia when applied to the rice crop compared to the urea fertilizer without NBPT, but the effectiveness was highly influenced by climate, type of soil, and moisture (Marchesan et al. 2013) . Application of Agrotain to pure urea fertilizer or cattle urine yielded reductions in the ammonia emissions of 47 and 22%, respectively (Singh et al. 2013 ). This study was carried out in a glass-house setup with soil samples representative of New Zealand pastures. Urea fertilizer with Agrotain has also been found to reduce the loss of ammonia by 24-70% compared to unaltered urea fertilizer when applied to ryegrass (Suter et al. 2013) , and a 78% reduction in ammonia emissions was observed when urea was applied with NBPT to the grassland (Forrestal et al. 2016) .
NBPT also reduces the ammonia emissions from organic fertilizers (animal manure slurry), although only a few studies have investigated this application. Recently, it was shown that adding NBPT to dairy cattle manure slurry before application to grazing fields reduced the ammonia volatilization from 15 to 8% of the total applied N (Li et al. 2014) . In addition, a Danish report from 2013 found that Agrotain sprayed directly on the surface of the cattle manure reduced ammonia volatilization by approximately 30-45% (Kai 2013) . The biochemical effects of NBPT on crops are not well-understood, but a recent study found evidence that plants grown in the presence of NBPT show an altered metabolism and accumulation of urea in the plant tissue (Zanin et al. 2016) , and urea-based synthetic fertilizers with NBPT decreased the plant urease activity and led to transient leaf-tip scorching in ryegrass (Watson and Miller 1996) . In relation to the activity, distribution and abundance of soil microbes in soils treated with NBPT, a few studies have been carried out. A very recent paper found that while NBPT did not influence the growth or ratio of ammonia oxidizers (archaea and bacteria) in vegetable soil, soil pH played a prominent role (Xi et al. 2017) . Another study found that application of NBPTcoated urea fertilizer reduced the decrease in soil pH otherwise observed on fertilization with un-amended urea, suggesting that use of NBPT may lessen the effect of urea fertilization on native soil microbial communities (Shi et al. 2017 ).
An earlier study concluded that the addition of urea alone or urea with NBPT did not affect the biological properties (microbial biomass C?N content and content of arylsulfarase, acid phosphatase and alkaline phosphatase) of the test soil over a period of 1 year and 8 months (Banerjee et al. 1999) . Further studies of both the long-and short-term effects of NBPT (and other urease inhibitors) on crops/plants and the soil microbiome are obviously still needed.
The potential use of another well-known and highly efficient urease inhibitor in agriculture, termed phenyl phosphorodiamidate (PPDA, Fig. 6 ), has been tested under laboratory conditions. However, PPDA, which has structural similarities to NBPTO (Fig. 5a ), has so far seen little use in commercial agricultural production, partly due to cost.
In a study by Monem et al., no effect on grain yield or N loss was found when adding PPDA to wheat fields compared to using unmodified urea-based synthetic fertilizer (Abdel Monem et al. 2009 ). Earlier, in a laboratory setting, it was shown that regular addition of PPDA to cattle or pig manure slurry reduced urea hydrolysis by up to 92% over a period of 28 days (Varel 1997) . Crucially, the inhibitor was added weekly as it was gradually degraded, as is also the case with NBPT. Due to the current low demand for PPDA compared to NBPT, the price is still very high and presents a significant barrier for implementing this urease inhibitor in a commercial setting. More largescale studies are needed to determine whether PPDA is a viable urease inhibitor in commercial agriculture.
9.2 Mechanism of urease inhibition by NBPT and PPDA
The tri-and diamides, NBPTO (Fig. 5a ), NBPD ( Fig. 5b) and PPDA (Fig. 6 ), all bind to the active site of urease where they are enzymatically hydrolyzed to form either diamidophosphoric acid (DAP, in case of NBPTO and PPDA) or monoamidothiophosphoric acid (MATP, in case of NBPD), losing a phenol group or n-butylamine. Diamidophosphoric acid and monoamidothiophosphoric acid are both structural transition state analogues of urea with respect to their tetrahedral geometry, meaning that their structure is similar to the transition state complex formed during the hydrolysis of urea (Fig. 7) (Benini et al. 1999; Musiani et al. 2001; Zimmer 2000) . The threedimensional structure of a urease-diamidophosphoric acid complex has been solved by X-ray diffraction using a crystallized bacterial urease complexed with PPDA (Benini et al. 1999) . It was shown that the dinickel active site (two Ni atoms) in the a-subunit of urease (Fig. 4) is occupied by tetrahedral DAP ((NH 2 ) 2 OPOH) with one Ni atom coordinated by an O-atom, the other Ni atom coordinated by a N-atom, and an -OH group symmetrically bridging the two Ni atoms (Fig. 7b) . Recently, the crystal structure of another urease-inhibitor complex revealed that the inhibiting species was in fact MATP when the enzyme was incubated with NBPT in solution. In this case, the active site is occupied by the tetrahedral MATP (NH 2 SP(OH) 2 ). The Ni atoms of the urease active site are still coordinated by two oxygen atoms and an N-atom, but the remaining atom is a double bonded S instead of an -NH 2 group (Fig. 7c) (Mazzei et al. 2017) . The presence of diamidophosphoric acid or monoamidothiophosphoric acid in the active site of urease locks the active site flap in the closed conformation, blocking the enzyme from binding and hydrolyzing urea. The initial inactivation of urease by tri-and diamide inhibitors is rapid; however, the inhibition is reversible, meaning that the enzyme will eventually regain full catalytic function.
Other anti-ureolytic compounds
Several other compounds are known to fully or partially inhibit urease, such as acetohydroxamic acid (Kumar and Kayastha 2010a) , boric acid (Breitenbach and Hausinger 1988; Reddy and Kayastha 2006) , heavy metal ions (Ambrose et al. 1951; Kumar and Kayastha 2010b) and the substrate analogues hydroxyurea and methylurea (Gale 1965; Shaw and Raval 1961) . However, all have issues with anti-ureolytic effectivity, price, toxicity or chemical stability, which prevents them, at the moment, from being considered as alternatives to some of the established ammonia emission mitigation strategies in agriculture ( 
Conclusions and perspectives
Urea is extensively used as a N-fertilizer in agriculture, and demand for it is only expected to increase in the coming years (Heffer and Prud'homme 2015) . Urea used in agriculture is either supplied from urine in the manure slurry of livestock animals or produced synthetically. When comparing the two sources of urea, some studies have found that synthetic urea fertilizers have an immediate positive impact on crop yield and crop N-content (Khodaei Joghan et al. 2012; Paul and Beauchamp 1993; Salomonsson et al. 1994 ). However, manure slurry has been found to have a residual positive effect on crops in the years following application (Bhogal et al. 2016; Gutser et al. 2005; Paul and Beauchamp 1993; Schröder et al. 2006; Whitmore and Schroder 1996) . Regarding ammonia emission, neither source of urea seems to present an advantage relative to the other after field application (Bouwman et al. 2002) . However, in contrast to synthetic urea fertilizer, manure slurry will emit ammonia before it is applied to the field (e.g., from animal housing, storage tanks and handling). The formation of ammonia in the manure slurry is caused by urease-producing bacteria from livestock feces. Meanwhile, urea in synthetic fertilizers does not come into contact with urease until it is applied to the field. Without urease, the degradation of urea is so slow that it is negligible. For this reason, urease is found in a large variety of organisms, including plants, allowing them to directly utilize urea as a N source. The problem arises when urease hydrolyzes urea faster than the organisms can take up the ammonia, which consequently leads to ammonia emission. In addition to creating a loss of valuable fertilizer for the farmer, ammonia emission can lead to several problems from an environmental point of view. For this reason, international regulations have been implemented to reduce the emission of ammonia, the most recent being the NEC Directive 2016/2284/EC for EU member states (European Parliament 2016). To comply with these regulations, new ammonia mitigation technologies need to be implemented in the agricultural sector. Currently, the use of urease inhibitors in agriculture is still limited, although NBPT is seeing increased use as a stabilizing additive in urea-based synthetic fertilizers. To our knowledge, treatment of animal manure slurry with urease inhibitors has not yet been commercialized. The reasons for the lack of adoption in livestock production are likely the limited chemical stability of the inhibitors (e.g., NBPT and PPDA), the need for reapplication, the lack of efficient and automated application systems, and a subsequent increase in the cost for the farmer (Kai 2013; McCrory and Hobbs 2001; Varel 1997; Youngdahl et al. 1986 ). Additional studies on the effects (N-retention, crop yield, etc.) as well as the environmental impact of urease inhibitors are still needed. Continuous research in the fields of ammonia emission mitigation technologies and the microbial and biochemical aspects of ureolytic bacteria in soil and animal feces may lead to more advanced biotechnological solutions to reduce ammonia emissions from agriculture. If urease inhibitors, which are stable and effective under conditions typically found in the manure slurry and on fields, can be identified, they offer a relatively simple approach to keep nitrogen in the stable and non-volatile urea form until the crops are able to utilize it. One big challenge will be to make such a technology cost-effective; however, with new and stricter regulations on ammonia emission, it will only become more important to identify novel strategies for controlling ammonia volatilization.
